We examine the effective low-energy theory of the adjoint sector of Dirac gaugino models and its UV completions, and identify the main source of tuning. A holomorphic scalar adjoint mass square (the "b M term") is generated at the same order (1-loop) as the Dirac gaugino mass (the "m D term"), leading to the problematic relation b M ∼ 16π 2 m 2 D , somewhat analogous to the µ−B µ problem of gauge mediation. We identify the leading operators of the low-energy effective theory contributing to the adjoint sector, and evaluate them in various UV completions, confirming the existence of this problem. We suggest a solution by introducing messenger mixing and tuning the relevant parameters. We also present a novel dynamical model for Dirac gauginos based on a strongly coupled SUSY QCD theory, where the additional adjoint M is identified with a confined meson, the U (1) with a baryon-number like symmetry, and the messengers with the confined baryons. We find a SUSY breaking vacuum with a non-vanishing D-term, which after tuning the messenger mixing angles gives rise to a realistic gaugino and squark sector.
Introduction
Supersymmetry (SUSY) has long been considered the best motivated candidate for physics beyond the Standard Model (SM) at the electroweak scale: it solves the hierarchy problem, predicts gauge coupling unification and provides a viable dark matter candidate. A dynamically broken SUSY theory can also offer a natural explanation for a large hierarchy between the SUSY breaking scale and the Grand Unified (GUT) or Planck scales. However, in the first three years of running the LHC and after 25 fb −1 of data collected, no evidence for the existence of SUSY has been found. Instead, stringent bounds exceeding 1 TeV for the squark and gluino masses have been set by the ATLAS [1] and CMS [2] experiments for the simplest SUSY models. The remaining possibilities for avoiding collider bounds while preserving naturalness with SUSY include light stops and heavy first and second generations [3] [4] [5] , a stealthy spectrum [6] , R-parity violation [7] and Dirac gluinos [8] .
In this paper we consider the scenario with Dirac gauginos in detail. The idea of a Dirac-type gluino mass was first proposed by Fayet in the 70's [9] . The main motivation for such models (besides it simply being an interesting possibility different from the canonical Majorana gluino case [10] ) is that there are several improvements to naturalness: the stop contribution to the Higgs mass is now finite and cut off by the Dirac gluino mass [8] ; the splitting between gluinos and squarks can be increased [5, 8] ; and the squark production cross sections are somewhat suppressed as same-handedness t-channel gluino exchange requires a chirality flipping Majorana mass and is therefore absent, while at the same time mixed-handedness processes are suppressed by the second power of the gluino mass rather than just the first [11] . Furthermore, flavor constraints can be significantly alleviated when R-symmetries are present [12] . Finally, the presence of R-symmetries is also natural in many models of dynamical SUSY breaking. For other aspects of R-symmetric models with Dirac gaugino masses see [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The first part of this paper is dedicated to a careful analysis of the low-energy effective theory in Dirac gaugino models. There are three soft breaking parameters relevant for the adjoint sector: the Dirac mass m D , a holomorphic adjoint scalar mass b M and a real scalar mass m 2 M . We will show that a realistic mass spectrum would require all of these parameters to be roughly of the same order m
M . However, the two holomorphic terms (the Dirac gaugino mass and the holomorphic scalar mass) generally appear at the same order in a small expansion parameter. For example, in messenger models considered in this paper both of these terms are generated at one loop, leading to the problematic relation b M ∼ 16π 2 m 2 D , similar to the µ − B µ problem [23, 24] in gauge mediation. We will refer to this as the "m D − b M problem" of Dirac gluinos. After identifying this problem we set out to calculate the operators contributing to these parameters in a variety of models with increasing structure among the messengers. The simplest supersoft model with unmixed messengers indeed suffers from the m D − b M problem: b M and m D are generated at one loop, while m 2 M at two loops. We identify the effective operators contributing to m 2 M , and argue that in order to capture the contributions proportional to D or D 2 one needs to include the dynamical fields ψ,ψ giving rise to the D-term of the theory. To actually find a realistic spectrum, one needs to include mixing among the messenger fields: by tuning the mixing parameters one can find regions where the b M term is suppressed compared to its natural size, while there will be additional one-loop contributions to m 2 M , also suppressed by mixing parameters.
In the second half of the paper we set out to find a working dynamical example for generating a viable Dirac gaugino sector. The simplest way to achieve this is to identify the adjoints with a meson of a confining theory, and the additional U (1) needed for generating the D-term with a baryon-number like symmetry of the strong sector. The necessary messenger-adjoint interaction is then automatically generated, while the SM gauge group can be embedded into a global SU (5) symmetry of the model. We show what additional fields and superpotential terms are needed in order to obtain a realistic vacuum. After a careful examination of the vacuum structure of the theory, we set out to investigate the m D − b M problem in an explicit example. As expected from the general arguments we find that for generic parameters the adjoint sector is not realistic (one of the scalar mass squares is negative), however by tuning the messenger mixings small regions of parameter space with a realistic adjoint sector can be identified. This conforms with the generic expectation of an order 1/16π 2 ∼ 0.1 − 1% tuning. Once this tuning is performed, a realistic gaugino and squark sector can be obtained. However, as we explain in our brief discussion of the phenomenology, additional complications arise once we also take the slepton and Higgs sector into account, which will require an extension of the model to raise these masses.
The paper is organized as follows. In Sec. 2 we present the general form of the m D −b M problem. In Sections 3 and 4 we perform the operator analysis of Dirac gaugino models, Sec. 3 focusing on the holomorphic operators, while Sec. 4 discusses the real operators and the effects of messenger mixing. Sec. 5 contains the setup for the dynamical model. In Sec. 6 we examine the vacuum structure of the model. We discuss the tuning necessary to obtain a realistic adjoint scalar sector in Sec. 7, and in Sec. 8 we comment on the basic features of the phenomenology. We conclude in Sec. 9, and an Appendix contains an alternative mechanism for generating realistic adjoint scalar masses using discrete symmetries.
The supersoft operator for the Dirac mass
To obtain Dirac gaugino masses, one needs a D-term SUSY breaking in a hidden sector U (1) group in addition to the adjoint fields M j for each standard model gauge group, as explained by Fox, Nelson and Weiner in [8] . The D-term breaking can be parametrized by introducing the field strength W α of the hidden U (1) symmetry with
The Dirac gaugino masses are generated by the effective holomorphic operator
where W α j are the standard model field strengths, Λ is the cutoff corresponding to some physical mass scale in the UV completion of the theory, and the phase α D is determined by the underlying dynamics. This operator was dubbed the supersoft operator in [8] because it only introduces finite corrections to the masses of the superpartners of the standard model fields, instead of the logarithmically divergent ones in standard soft breaking. Once SUSY breaking is introduced through the D-term of the U (1) vector multiplet, this operator will contain a Dirac mass term of the form ∼ 
We see that the operator in Λ 2 , leading to a contribution to the real part of the scalar adjoint mass equal to twice the Dirac mass, while the imaginary part remains massless.
A simple way [8] of generating the supersoft operator (3.2) is to introduce a coupling of heavy messengers, φ andφ charged under the U (1) symmetry to the adjoint superfield M via the superpotential
The supersoft operator will then be generated after integrating out the messengers as shown in the diagram in Fig. 1 which contributes
where g i is the SM gauge coupling and g is the hidden U (1) gauge coupling. Note that 
Holomorphic scalar adjoint mass
It was noted in [8] that one more supersoft operator consistent with all gauge and global symmetries can be added to the superpotential: 6) where once again the phase α b is determined by the underlying dynamics. This operator contributes directly to
In general, if α b = 2α D , the two contributions to b M from (3.2) and (3.6) have the same phase. Therefore, in the absence of additional contributions to m 2 M the mass squared matrix of the adjoint M will have one negative eigenvalue. Indeed, in the simplest model considered above with messengers φ,φ coupled to the adjoint, this term will be generated at one loop, and its coefficient can be estimated easily without actually performing a loop calculation. The reason is that this term can be related to the running of the hidden U (1) coupling constant. Integrating out the messengers at m φ we find that the coefficient of the W 2 α term in the effective low energy description is
where b H,L are the U (1) β-function coefficients above and below the m φ threshold. In the minimal model b L − b H = 5q 2 where q is the U (1) charge of φ andφ and the factor of 5 arises since messengers transform in a fundamental representation of SU (5) GUT . The messenger mass m φ can be thought of as the VEV of the meson M and the formula above generalizes to
The diagrams contributing to the M M † mass term at leading order in D. There are two other diagrams with φ →φ which will have an extra sign due to the sign of D, and on the cubic diagram the insertion can also be done on the lower line.
By expanding this expression in powers of yM we find that the full expression of the operator (3.6) is given by 
Kähler Operators for the Scalar Adjoint Sector
We have seen above that the two holomorphic operators (3.2) and (3.6) cannot yield a realistic model on their own and additional terms giving positive contributions to m 2 M are required. It was suggested in [29] that such terms are indeed generated at order D 2 , corresponding to the operator
This was argued to happen at one loop order in a model where the spontaneous breaking of the U (1) gauge symmetry leads to the generation of a non-vanishing D-term at the minimum of the potential. However, the fact that this term is not U (1) gauge invariant 6 indicates that (4.1) is not actually the right form for a Kähler term contributing to m 2 M . 6 We thank Graham Kribs for bringing this to our attention.
Below, we reconsider models with spontaneous U (1) breaking, find the correct operators, the order at which they appear in perturbation theory, and explain how to take the limit in which the minimal supersoft scenario is recovered.
The diagrams contributing to the M M † mass term at quadratic order in D. There are two other diagrams with φ →φ, and on the cubic diagram the insertion can also be done on the lower line, or one on the upper and one on the lower line, giving rise to the factor of 3 in (4.3).
Real adjoint mass in the minimal supersoft model
To verify our expectation that (4.1) is not actually the right effective operator to capture a real adjoint mass we first consider a model with an explicit Fayet-Illiopoulos term in the Lagrangian (in other words we assume that the mass of the U (1) breaking field is much larger than its VEV so that the U (1) is effectively unbroken). We calculated the scalar adjoint M M † mass terms both linear and quadratic in D and have found that both of those vanish in the simplest supersoft model with a single (or several unmixed) messengers. The diagrams contributing to the M M † mass term at linear order in D are given in Fig. 2 , and the coefficient of the contribution from φ is given by y 2 p 2 dp
Once we add theφ contribution we find that the two cancel. Similarly, the contributions to the D 2 term in M M † are given in Fig. 3 . While there are no cancellations between diagrams with φ andφ fields, they vanish individually since the coefficient is now proportional to y 2 p 2 dp
This cancellation is reminiscent of the accidental cancellation of O(F 2 ) terms in GMSB models with messenger-matter mixing [23, 30] . Similarly to GMSB models, the subleading O(D 4 ) terms will be non-vanishing, but they are negligible for our purposes. On the other hand, in contrast to models of [23, 30] , the absence of gauge invariant operators implies that leading order terms will not be generated even at higher loop orders in perturbation theory.
The cancellations we see here imply that in order to generate additional direct contributions to m 2 M (and to solve the problem with the negative scalar adjoint masses) one needs to consider models with additional ingredients.
Dynamical fields for U(1) breaking -is supersoft ever supersoft?
Before considering our full model with messenger mixing, let us first analyze an intermediate case, where one has charged messengers φ,φ as before, but in addition we introduce the singlets ψ,ψ that break the U(1) symmetry and give rise to the non-vanishing D-term
In this case, a new gauge invariant contribution to the scalar adjoint masses can be written using the fields ψ,ψ:
This operator is manifestly gauge invariant and we will argue that it is generated at one loop in the presence of Yukawas while it is always generated at two loops through U (1) gauge interactions. To prove this last statement, we can interpret this operator as the usual U (1) gauge mediated soft SUSY breaking mass term for the fields ψ andψ, where now M is assumed to be the spurion with an F-term. We assume that ψ andψ are light and calculate their wavefunction renormalization in the infrared as a function of M . This will contain the operator in (4.5). If M had an F-term this would generate a nonholomorphic soft mass for the light fields, and hence the standard GMSB result can be applied to calculate its coefficient. The reason is that the fields φ andφ can be treated as 5 independent messenger pairs for U (1) gauge mediation as in Sec. 3.2 and the standard method of analytic continuation in superspace [31] can be used to extract the coefficient of the operator in (4.5) from expanding the one-loop wavefunction renormalization in each of the 5 thresholds. The result is analogous to the simplest one-threshold case, differing only in producing a trace for the matrix of spurions:
It is important to remember that we are interested in the limit where the U (1) Higgs fields ψ andψ are at least as massive as the U (1) gauge field. Thus, the coefficient of (4.5) becomes a function of both m φ and m ψ . In the limit m ψ ψ the coefficient of (4.5) vanishes recovering the result obtained in the previous subsection.
Once the operator in (4.5) is generated, non-supersoft contributions to the soft masses of the MSSM sfermions will be generated
While non-supersoft contributions to sfermion masses are suppressed by an additional loop factor, they are also enhanced by large logs due to RGE's and may become important unless SUSY is broken at low scales.
Before moving on to non-minimal models, it is worth noting that while the operator (4.5) is formally linear in D, it is also proportional to |ψ| 2 − |ψ| 2 . In the minimal model this proportionality leads to an additional factor of D. Thus on-shell (4.5) generates soft terms of the type anticipated in [29] albeit with a different coefficient and at higher order in the perturbative expansion.
A realistic adjoint mass spectrum via messenger mixing
We are now finally ready to consider the third toy example, where the U (1) is dynamical as in the previous case, however in addition there is mixing between the messengers φ,φ and additional messengers N,N not charged under U (1), described by the following superpotential:
(4.8) We will again assume that due to some other dynamics ψ andψ develop VEVs and generate a small D-term as in (4.4). The main new ingredient is the mixing of the messengers which can resolve the negative mass square problem: as long as ψ = ψ , which we have assumed in order to generate a nonzero D-term, the mixing between φ and N andφ andN will differ and the contributions from φ will no longer cancel those fromφ in Fig. 2 . While these contributions are formally O(D), they are further suppressed by the difference in mixing angles and can naturally be comparable to other soft terms. Furthermore, the calculation of O(D 2 ) diagrams in Fig. 3 will also be modified: diagrams with cubic and quartic vertices will have different number of mixing angle insertions and the cancellation we saw earlier will not persist. Thus, mixing will result in new contributions to both M M † and M M scalar masses. In particular, the operator in (4.5) will actually be generated at one loop (rather then the generic two loop as argued before), which will give rise to contributions to m 2 M of order
7 To see this is not supersoft: the spurion is m 2 M θ 4 and the operator in 4.7 giving sfermion soft masses can be constructed from this without additional cutoff dependence 8 It is amusing to note that once again the situation is reminiscent of a disappearance of a similar cancellation in GMSB models with messenger-matter mixing in the presence of several spurions [32] . 1. Indeed, this scenario will be realized in the model we discuss in the upcoming sections.
The effects of the messenger mixings can be roughly estimated in the following way. We will denote the magnitude of the mixing of the φ messenger by c 1 (with c 1 = 1 corresponding to the case of no mixing) and the mixing ofφ by c 2 . In the limit when the VEVs of ψ and ψ are equal one expects c 1 = c 2 . There will now be heavy and light fields running in the loops of Figs. 2-3 . The φ −φ fermion propagator will pick up a factor of c 1 c 2 for the heavy fields (and s 1 s 2 for the light), the scalar φφ * propagator will pick up mixing factors of c 2 1
(and s Table 1 . The gaugino mass just picks up an O(1) correction due to the mixing. The holomorphic b M parameter had a cancellation between the φ andφ contribution to the term linear in D. After mixing this cancellation is no longer expected to occur. m 2 M had two separate cancellations: one between φ andφ in Fig. 2 and a separate one between the quartic and the cubic terms in Fig. 3 . None of those are expected to remain in the presence of generic mixing angles. Now we can see how to resolve the b M −m D problem and obtain a realistic adjoint mass spectrum. 9 The simplest way is by tuning the amount of mixings among the messengers such that the formally one-loop b M is suppressed to be numerically of two-loop size. This suggests that a tuning between two terms of order 1/16π 2 will be necessary: as in most realistic SUSY models a complete Dirac gaugino model will inevitably contain a percent level tuning among the parameters, unless a natural way of suppressing the b M term can be obtained (however as we mentioned no symmetry can be used for that). Here we will just assume that the messenger mixings can be adjusted to obtain a realistic spectrum. The necessary tuning to achieve a realistic spectrum is:
• The mixing should be small (c ∼ 1) to suppress m 2 M and satisfy the bound (2.4).
• The terms linear in D vs. quadratic in D in the expression of b M have to conspire to give a term that is much smaller than the individual terms: the sum should be about a loop factor smaller than the terms themselves.
Once that tuning is achieved all mass parameters will be about the same magnitude, and a realistic Dirac gaugino model will result. Another possible solution to the m D −b M -problem using discrete symmetries is exhibited in App. A.
Dynamical Dirac Gauginos -The Setup
The aim of the second half of the paper is to present a concrete dynamical realization of the ideas explored so far: a model where a SUSY breaking D-term appears dynamically, together with the additional adjoint coupled to messengers as in (3.4). The low energy dynamics of strongly interacting SUSY QCD theories [33] generically includes a composite meson field coupled to either dual quarks or baryons. It is then natural to try to identify the meson with the additional adjoint M , and the messengers with components of the dual quarks/baryons (see also [16] ). In this case the SM gauge group can be embedded into the flavor symmetry of low energy SQCD. Thus, the flavor symmetry should at least be SU (5). However, to obtain a SUSY breaking vacuum, at least one composite field should get a VEV, hence the minimal size of the flavor symmetry in the DSB sector is SU (6). To focus on the simplest possibility we assume that there is no gauge group left in the magnetic description though this is not essential. Therefore we will take as our starting setup SU (5) SUSY QCD with 6 flavors similar to the model in [34] . This theory is s-confining [33, 35] , (F = N + 1) and below the strong coupling scale Λ the appropriate description is given in terms of the gauge invariant mesons ( M ∼ 
The charges of the low-energy degrees of freedom are given by . We give a mass to one flavor, W tree = m 66 Q 6Q6 reducing the SU (6) flavor symmetry. We weakly gauge the diagonal SU (5) subgroup of the remaining flavor symmetry allowing us to embed the Standard Model gauge group in it. In particular, we will parametrize the mesons, baryons, and anti-baryons as follows
where X, ψ,ψ are now SU (5) singlets, N and φ are SU (5) fundamentals,N andφ SU (5) anti-fundamentals, and M is an adjoint plus a singlet under SU (5). The low-energy superpotential is then given by
where the first four terms originate fromB M B and the last term corresponds to W tree . As long as the VEV's of the fields are Λ, the instanton generated 1 Λ 3 det M can be neglected. However, it will re-introduce SUSY preserving minima far from the origin, making the minimum close to the origin metastable as in [36] .
If the meson TrM develops a VEV, the first three terms in the superpotential (5.2) correspond to the superpotential (4.8) making the identification between the low energy degrees of freedom in the dynamical models and fields in the model of Sec. 4.3 trivial. The Yukawa coupling in (3.4) between the adjoint and the messengers will then be generated via the strong dynamics in (5.2). Recall from (3.4) that the messengers also require a supersymmetric mass to generate (3.2). Thus we must give TrM a VEV to generate this mass term. This can be achieved by adding a coupling to an additional singlet χ, which will also make TrM massive. Finally, the U (1) symmetry of the superpotential (4.8) required for generating Dirac gaugino masses can be identified with the baryon number of the SUSY QCD model (5.1).
While D-term supersymmetry breaking by itself is impossible to obtain dynamically [37] , it has been shown to emerge naturally under generic conditions together with a SUSYbreaking F-term of comparable magnitude. Thus, we want to perturb the SQCD model (5.1) in a way that does not destroy its local SUSY breaking minimum while simultaneously generating a non-vanishing D-term. This D-term must arise from asymmetric VEVs of the SU (5) singlet components of the baryons and anti-baryons (ψ andψ). To force ψ = ψ , we add additional singlet fields S,S, T,T , charged under U (1) B , and Z with superpotential interactions of the form
It is interesting to note that for some choices of the U (1) B gauge coupling charge conjugation may be broken spontaneously and a non-vanishing D-term exists even in the limit where h = h . Note that we could also add a term linear in Z since Z and X have the same charges. However, as long as the corresponding parameter is smaller than µ 2 we will obtain the same vacuum structure.
The Sψ andSψ terms are important for obtaining the desired vacuum. They arise from dimension 6 superpotential operators in the UV theory and are expected to be suppressed by three powers of the cutoff in the IR h ∼ Λ(
3 . This is the only deformation by an irrelevant operator that we include. While there are other operators consistent with our symmetries that have lower dimension in the UV, for example ST 2T , they remain irrelevant in the IR and their contributions at the minimum are negligible.
We will see that in order to obtain phenomenologically interesting results we will have to be able to vary the amount of mixing between the fields φ,φ, N andN . To achieve this we must also introduce the fields N andN with interactions W 3 = m N NN + m N N N . Combining all the ingredients, the full matter content and symmetries of the model in the IR are given in Table 2 , with the superpotential
The Vacuum of the Dynamical Model
To find the vacua of the model outlined in Section 5 we have numerically minimized the scalar potential obtained from (5.4). We found non-zero F-terms for X, S,S, and Z, while in addition to TrM the fields ψ,ψ, T, andT will also obtain unequal VEVs. These VEVs provide the non-zero D-term needed for generating Dirac gaugino masses through the supersoft operator. Thus the vacuum will be characterized by the following VEVs:
The structure of the minimum can be understood in the following heuristic way. First we note that the F-terms forN and N force to zero the VEVs of N andN . Next we consider F φ and Fφ, which set the VEVs for φ andφ to zero. Finally, the F-terms for N andN force the VEVs forN and N to zero while the F-term for M forces χ = 0. This leaves F-terms for X, ψ,ψ, T,T , S,S and Z as well as the U (1) D-term to be minimized. Allowing hS = −yψX, h S = −yψX, and αZT = yψX further sets F ψ , Fψ, and FT to zero. The remaining scalar potential along this slice is
The F-term for T can be set to zero by allowing X = 0 orψ ψ =T T . However, F S and FS want T ∼ ψ andT ∼ψ while F Z wants TT ∼ 0 and F X wants ψψ ∼ µ 2 . Because of this, X = 0 allows for a lower energy therefore also setting S,S, Z = 0 and eliminating the flat direction usually associated with non-zero F-terms in O'Raifeartaigh models. Essentially the F-flat direction has a built in asymmetry between charge conjugate fields, however this direction cannot be D-flat. Thus the only classical flat direction in the model is M adjoint, which as we will see, is lifted by loops.
While there may be several interesting regions in the parameter space, in the following discussion we will focus on one of them:
µ sets the overall scale of the model, and is chosen such that the final resulting gaugino masses are in the few TeV range. v M sets the messenger masses. While the lower bound on Λ follows from the requirement that the detM term be negligible. Values of h in the range h ∼ h ∼(0.5-5)µ are most interesting since for smaller or larger values the D-term is very small compared to the F term. This implies that a coincidence of scales of the form µ ∼ Λ(
3 has to occur in this model imposed by the requirement of having a significant amount of D-term breaking. This is the only coincidence needed for the presence of an interesting vacuum.
The combination that is relevant for the loop generated masses is gD, where g is the U (1) gauge coupling and D is the U (1) D-term and so we plot this as a function of the relevant parameters in Fig. 4 . The non-vanishing D-term is a measure of the asymmetry in the VEVs, and all the masses of the Dirac gaugino model are set by it. The plots show that our metastable minimum is always present and keeps its features for a wide range of parameters. √ gD versus g for h =0.5µ (left) and vs h for g = 0.2 (right). In both cases we fixed h = 5µ and α=1.7, while the overall scale is set to obtain 2.5 TeV Dirac gluino masses A representative example of VEV's for the fields is:
for h = 5µ, h = 0.5µ, α=1.7, g=0.2 and m N =1.15µ. The VEVs never differ from µ by more than a factor of few, with one larger and one smaller than µ for each pair ψ,ψ and T ,T . One of the fields from T andT is getting a much smaller VEV (typically at least an order of magnitude smaller, depending on the relative sizes of g and α).
The magnitude of SUSY breaking can be quantified by f = (
, which corresponds to the value of the scalar potential at the minimum and sets the scale of the gravitino mass. This quantity is quite insensitive to the dimensionless parameters, since the role of g and α is to control the size of D which is subdominant to F. In Figure 5 we show the scale of SUSY breaking, as a function of g. Note that the insensitivity to g is not visible in the plots since we are holding the gluino mass fixed at 2.5 TeV and thus different values of g correspond to varying µ together with the scale of the model as well. 
Scalar adjoint spectrum in the dynamical model
The dynamical model presented in Sec.5 and expanded around the vacuum explored in Sec.6 provides an explicit implementation of the models presented in Sec.4, where we explained that mixing among the messengers can be used to obtain a realistic mass spectrum. . However, in this case both the Dirac gaugino mass (due to the chirality flipping fermion propagator in Fig. 1) as well as the messenger mixings are controlled by the same parameter v M , and no realistic spectrum can be achieved. This is the main reason for introducing the additional N ,N fields: by dialing the parameter m N we can separately control the messenger mixing angles, to allow the cancellation in b M , while keeping a positive and comparable size m As explained in Sec. 4.3, to obtain a sufficiently small b M we need a cancellation between contributions linear and quadratic in D. This is possible because the term linear in D is also proportional to |ψ| 2 − |ψ| 2 (see (4.5)), and thus can be further suppressed.
We did not calculate the two-loop contributions to m 2 M and b M . They are expected to be of the same order as m 2 D , and hence relevant for the precise calculation of the spectrum, however they will not qualitatively modify our conclusions. Such corrections will results in shifts of phenomenologically interesting regions without modifying the amount of tuning required to suppress b M . The region of parameters with phenomenologically acceptable values of the scalar adjoint masses is small: a reflection of the fine-tuning needed in order to solve the m D − b M problem. We present examples of acceptable parameter ranges in Figs. 6, 7 and 8. In all cases we find regions with positive scalar mass squares satisfying the bound (2.4), we also require the real adjoint to be heavier than the gaugino for positivity of the MSSM sfermion masses in (2.2).
In Fig. 9 we show a plot of adjoint scalar masses as a function of U (1) gauge coupling g and gluino mass set at 2.5 TeV. We can see the effect of a growing b M through one of the two scalar mass squares becoming negative: b M is sufficiently cancelled only for a small region of the U (1) coupling parameter g, as you move away from the center of the region in either direction b M will start dominating over the other parameters leading to unphysical spectra. The ratio of the gaugino masses is given by the ratio of the SM gauge couplings, and to set the overall scale we fix the gluino mass to 2.5 TeV. This splitting in the gaugino masses implies that the masses of the scalar adjoints are also split. In particular the real parts have a 4m 2 D contribution to their mass squares. On the other hand, the imaginary parts of the adjoints are degenerate as their masses only come from the loops which respect the SU (5) symmetry.
From Eq.(2.2) we see that δ + > m D is also required: otherwise the sfermion mass squares become negative. Thus the real part of the scalar adjoint needs to be heavier than the corresponding gaugino. While this is not a significant constraint on the parameter space, we have included it in the plot of the available parameter space in Figs. 6, 7 and 8.
Finally we comment on the off-diagonal chiral superfields of the SU (5) adjoint M . While the scalars also get some loop contributions analogous to (3.6) and (4.5), the fermionic components remain massless. However, these can be removed by adding explicit superpotential coupling to elementary fields X, Y , which could give masses as heavy as Λ.
Ordinary gauge mediated masses, from messenger loops, can be approximately estimated using the result in [28] . The tree-level messenger supertrace vanishes and so the contribution is not logarithmically enhanced but finite, the precise contribution is not known but estimated to be negligible. An F-term SUSY breaking contribution to the messenger masses, which could potentially give a non-vanishing supertrace and hence larger and different gauge-mediation, appears at 1-loop, from F X and F Z , with two F insertions and heavy ψ and T fields in the loop. We estimated this diagram and found that this contribution is negligible compared to the tree-level D-term contribution, as long as the D-term is not too small compared to the F-terms.
Sketches of Phenomenology
In this final section we make some brief comments on the basic phenomenology of Dirac gaugino models, applying some of the general results obtained here.
The first comment is that for a pure supersoft mediation model with exact R-symmetry the slepton masses turn out to be very light [38] , unless the squark masses are raised above 2.5 TeV. The reason for this is that if (2.2) is applied, together with m 2 Di ∝ α i (3.5), then we find m f i ∝ α i . This implies that the squark masses are about ten times heavier than the RH sleptons 10 . This might actually not be a problem once the RG running of these masses is included. In fact the m 2 M operators, which cause the running in the first place, make the colored fields' masses run faster than the electroweak fields (in particular the righ-handed sleptons do not receive any contributions from the hypercharge "adjoint" scalars at all) and so it is possible that the squark and slepton masses will not be too separated in the end.
Assuming that there are no large splittings between scalar and fermion in the adjoint sector (as suggested by our discussion of the m D − b M problem for the colored particles and assuming the SU (5) global symmetry as in the explicit model presented before), we find that the mass spectrum is of the form presented in Table 3 . We can see that the RH sleptons are well below the LHC (and even LEP) bounds. A simple way to get around this problem is to assume that the pure R-symmetric Dirac gaugino structure only applies to the colored sector, giving rise to Dirac gluinos of order 2.5 TeV, while there could be an additional ordinary Gauge Mediation sector where the messengers are only charged under weak hypercharge, raising all sfermion masses by a few hundred GeV. Another possible way to solve the slepton mass problem is to enhance the log in (2.2). This could originate from a heavy scalar U (1) Y "adjoint", which is possible in general models (though this does not happen in the dynamical model presented here due to the SU (5) symmetry). Table 3 : A sample spectrum assuming minimal supersoft mediation with the gluino mass fixed at 2.5 TeV, and using a representative point from the dynamical model presented here for the scalar adjoint spectrum
Another potentially related general problem with pure R-symmetric Dirac gaugino models is the Higgs sector. An ordinary µ-term would break the R-symmetry, thus it was proposed in [12] to extend the Higgs sector by the R-Higgses to an R-symmetric form [39] :
with a conventional B µ term. 11 However, even this R-symmetric form does not predict a sufficiently heavy Higgs mass: in fact the SU (2) L D-term is suppressed compared to its MSSM value (see [8] ), on the other hand the naturalness of the Higgs potential is improved due to logarithmic corrections being cut off by the Dirac mass. Thus an extension of the Higgs sector to incorporate an NMSSM-type coupling (perhaps originating from the same strong dynamics as in [40] ) or other mechanism to raise the Higgs quartic is essential. We leave the incorporation of a realistic Higgs sector into a dynamical model to future work.
An interesting phenomenological feature of our model is the existence of the light scalar SU (3) octets, called "sgluons". The mass of the imaginary part of the sgluons is not constrained and could be lower than the gluino mass. Its pair-production channels are essentially the same as for squarks, enhanced slightly by color factors but reduced overall by the larger mass. It interacts only with gluons and gluinos, and hence its predominant decays are loop processes into tt leaving a signature signal of 4 tops. When mixing among the squarks is allowed decays to tq andtq are also possible, leading to interesting same sign di-lepton final states [41] . Their next-to-leading-order interactions for production and decays have been studied in [42] . Their phenomenology and actual searches are discussed in [41, [43] [44] [45] [46] [47] [48] .
Since we have a low scale SUSY breaking scenario, the LSP is always the gravitino. There have been several interesting studies of the phenomenology of the electroweak charge sector of sleptons, neutralinos and charginos [49] . However, we expect that once a complete model incorporating a heavy Higgs and sufficiently heavy sleptons is found, its phenomenology will strongly depend on the new particles and interactions.
Conclusions
In this paper we examined models with Dirac gaugino masses and showed that they suffer from the m D − b M problem analogous to the µ − B µ problem in the Higgs sector. To better understand the issue we analyzed the effective operators arising in supersoft models and their UV completions. We showed that in models with field-dependent D-terms Dirac gaugino models are never truly supersoft -non-supersoft operators are always generated at higher order in perturbation theory. Such operators might be non-negligible unless supersymmetry is broken at a very low scale (or the fields Higgsing the U (1) are tuned to be much heavier than both the U (1) breaking and the messenger scales). We also showed that in models with messenger mixing non-supersoft operators are generated already at leading order in the loop expansion. Such terms can be used to solve the m D − b M problem of Dirac gauginos implying a tuning of order O(1/(16π 2 )). We constructed a fully dynamical model of supersymmetry breaking in which supersoft SUSY breaking gives the dominant contributions to the soft masses in the gaugino and squark sectors. Finally, while some of the experimental signatures of the model depend on the mechanism generating soft parameters in the Higgs and slepton sector, we pointed out several distinctive phenomenological properties of this class of models.
the model possesses a Z 3 symmetry under which the messenger fields transform as
In this model the one loop contributions to the gaugino and adjoint masses vanish since the coefficient of (3.2) is proportional to k λ k = 0 while the coefficient of (3.6) is proportional to k λ 2 k = 0. We now softly break the symmetry by modifying the coupling constants according to λ 1 = (1 + 2 1 )λ, λ 2 = (e −2πi/3 + 2 )λ, λ 3 = (e −4πi/3 + 3 )λ . However, the ability to adjust the three symmetry breaking parameters independently allows us to make all the soft terms comparable and achieve positive eigenvalues for both scalars in the adjoint multiplet. As expected this requires a tuning of order 1/(16π 2 ).
